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Abstract—The effect of 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H-7), a potent protein kinase C
(PKC) inhibitor, on the development of thermotolerance and expression of heat shock genes (HSP70
and HSP28) was investigated in human colon carcinoma HT-29 cells. After acute heating at 45° for
15 min, cells became resistant to a challenge heat shock. The development of thermotolerance was
suppressed by adding H-7 after heat shock. Northern blots show that the levels of HSP70 and HSP28
mRNA increased rapidly and reached maximal values within 6 hr. H-7 suppressed the accumulation of
HSP70 and HSP28 mRNA as well as their protein synthesis, and the level of suppression was
concentration dependent. However, little effect was observed if the drug was added 1 hr before and
during heat shock. These results suggest that PKC is involved in the regulation of heat shock gene

expression after acute heat shock.
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Heat shock genes are expressed in response to a
wide range of stresses, including heat shock exposure
[1], viral infection [2], and treatment with chemical
agents [3]. Although the role of HSPs} has been a
matter of speculation ever since their discovery [1],
it is generally believed that the primary function of
these proteins is protective, e.g. stabilization and/
or solubilization of particular target proteins [4—
6]. Heat-induced preferential synthesis of HSPs,
particularly HSP70 has been correlated with the
induction of transient heat resistance (ther-
motolerance) [7,8]. The development of ther-
motolerance is accompanied, at least partly, by
increased synthesis of HSP70, and HSP70 returns to
control levels as thermotolerance decays [8].
Moreover, recent studies show that Rat-1 cells,
which were transfected with a human HSP70 gene
in pSV-hsp70, contained an elevated level of HSP70
and became intrinsically resistant to heat killing [9].
The development of thermotolerance is altered when
heat shock gene expression is suppressed [10, 11].
Recently, several researchers reported that
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quercetin, a bioflavonoid compound, suppresses the
expression of heat shock genes and the development
of thermotolerance [10,12,13]. The biochemical
and physiological effects of the drug are rather
diverse: inhibition of cell growth by blocking cell
progression from the G, to S phase [14], inhibition
of the lactate transport system and glycolysis process
[15], and inhibition of various enzymes including
phosphatidylinositol 3-kinase [16], PKA [17] and
PKC [18]. We hypothesized that inhibition of PKC
is responsible for the suppression of heat shock gene
expression and thermotolerance development. To
test the hypothesis, we chose potent PKC inhibitors,
isoquinolinesulfonamide derivatives. We selected H-
7, HA1004, and H-8 among the derivatives. H-7 is
known to be the most potent and selective PKC
inhibitor among them [19]. The effect of this drug
was compared with the effects of HA1004 and H-8.
HA1004 is the weakest PKC inhibitor among the
derivatives and is used as a control for H-7. H-7 and
HA1004 inhibit PKA to almost the same extent. H-
8 actively inhibits both PKC and PKA [19]. Our
data demonstrated that H-7 and H-8 inhibited
HSP70 and HSP28 gene expression as well as
thermotolerance development. In contrast, HA1004
did not affect HSP70 gene expression.

MATERIALS AND METHODS

Cell culture and survival determination. Expo-
nentially growing human colon carcinoma HT-29
cells were cultured in McCoy’s 5a medium (Cellgro).
The medium was supplemented with 26 mM sodium
bicarbonate and 10% iron-supplemented calf serum
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(HyClone). T-25 flasks containing cells were kept in
a 37° humidified incubator with a mixture of 95%
air and 5% CO,. For survival determination, cells
were trypsinized, counted, and plated at appropriate
dilutions. After 2-3 weeks of incubation at 37°
colonies were stained and counted.

Hyperthermic treatment. T-75 flasks or 35-mm
petri dishes containing cells were heated by total
immersion in a circulating water bath (Heto)
maintained within £0.05° of the desired temperature.

Drug treatment. Isoquinolinesulfonamide deriva-
tives, H-7 (mol. wt 364.3), H-8 (mol. wt 338.3) and
HA1004 (mol. wt 329.8), were obtained from
the Sigma Chemical Co. Drug treatment was
accomplished by aspirating the normal medium and
replacing it with medium containing a drug. The
drug treatment was terminated by aspiration and
rinsing with Hanks’ balanced salt solution (HBSS).

Measurement of PKC activity. Amersham’s PKC
enzyme assay system was used to determine PKC
activity in a variety of samples. Cells from T-25
flasks (approximately 3 x 10 cells) were mixed with
100 uL extraction buffer [50 mM Tris—HCI, pH 7.5,
5mM EDTA, 10mM EGTA, 0.3% (w/v) B
mercaptoethanol, 50 ug/mL phenylmethylsulfonyl
fluoride (PMSF), 1 ug/mL leupeptin], sonicated,
and then centrifuged. Supernatants were saved and
mixed with glycerol for storage. Protein content was
determined by the method of Bradford {20]. For
reaction, 25 uL of the buffer solution (calcium buffer,
lipid, peptide buffer, and dithiothreitol buffer from
the Amersham assay kit) was added to 25 uL of the
sample (50-100 ug ?rotein). The reaction was started
by adding 1 xCi [**P]ATP (sp. act. 650 Ci/mmol,
ICN) and continued for 15 min at 25°. The reaction
was terminated by adding stop reagent. The
radioactivity of the control was approximately
590 cpm/pg protein.

Western blot analysis. Cells were lysed with sample
buffer (2.4 M glycerol, 0.14 M Tris, pH 6.8, 0.21 M
SDS, 0.3 mM bromphenol blue). Lysates from equal
amounts of protein (50 ug) were separated by one-
dimensional SDS-PAGE. After electrophoresis, the
proteins were transferred onto a nitrocellulose
membrane and processed for immunoblotting with
the HSP70 monoclonal antibody (Amersham). The
HSP70 antibody was diluted 1:500. Alkaline
phosphatase-conjugated  rabbit-antimouse  IgG
(diluted 1:800) was used to detect the primary
antibody.

Northern blot analysis. Total cellular RNA was
extracted by the LiCl-urea method of Tushinski et
al. [21]. For RNA analysis, 30 ug of total RNA was
electrophoresed in a 1% agarose-formaldehyde gel
[22]. The RNA was blotted from the gels onto
nitrocellulose membranes and baked at 80° for 2 hr
in a vacuum oven. Membranes were prehybridized
at 42° in 50% formamide, 1 X Denhardt’s solution,
25 mM KPO,(pH 7.4),5 x SSC(1 x SSC = 150 mM
NaCl, 15 mM Na;C4Hs0-), and 50 ug/mL denatured
and fragmented salmon sperm DNA. Hybridizations
were at 42° in prehybridization solution containing
10% dextran sulfate and radiolabeled human
inducible HSP70 ¢DNA probes (R. Morimoto,
Northwestern University), human HSP28 cDNA
probes (StressGen Biotechnologies Corp.) or human

Y.J. LEE et al.

100 (&
3 15
Z E
o o .
© O Q
2 "E 50 N
o X *
25}t
0
0 50 100 150 200
H-7 (ug/ml)

Fig. 1. Inhibition of PKC activity by treatment with various
concentrations of H-7 in HT-29 cells. Data from two
separate experiments are compiled.

GAPDH cDNA probes (American Type Culture
Collection) at a concentration of 1.5 x 10° cpm/mL,
4 x 10 cpm/mL, or 1 x 10°cpm/mL, respectively.
Posthybridization, blots were washed twice in
2 X 88C for 15min at room temperature, washed
once in 0.5 X SSC and 0.1% SDS for 30 min at 50°,
and washed twice in 0.2 X SSC and 0.1% SDS for
1.5hr at 50°. Blots were placed into a stainless
steel cassette with an intensifying screen and
autoradiographed. Blots were stripped to allow
hybridization with another probe by washing the
membrane with sterile boiling water for 2 min, and
then the membrane was prehybridized immediately.

RESULTS

Inhibition of PKC activity by H-7. PKC activity was
inhibited by treatment with various concentrations of
H-7 (Fig. 1). The drug concentration that inhibited
the enzyme activity by 50% (ICsx) was 60 ug/mL in
human colon carcinoma HT-29 cells. In these
experiments, the drug was added to whole cell
extracts and the PKC activity was measured in a
cell-free system. The ICs5y values of the drug in the
cell-free system and in the in wvivo system are
probably somewhat different.

Effect of pretreatment with H-7 on HSPT0 and
HSP28 gene expression. Northern blots demonstrated
that the levels of HSP70 and HSP28 mRNA increased
rapidly and reached maximal values within 6 hr after
heat shock at 45° for 15 min (Fig. 2). H-7 (60 ug/
mL) did not suppress the accumulation of HSP70
and HSP28 mRNA when the drug was added 1 hr
before and left in during heat shock (Fig. 2). Control
hybridization with a probe for the “household”
enzyme GAPDH showed that pretreatment with H-
7 did not induce any major changes in the GAPDH
mRNA level. Data from western blot analysis
demonstrated that heat shock increased the levels
of constitutive and inducible HSP70 (Fig. 3).
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Fig. 2. Effect of pretreatment with H-7 on accumulation of inducible HSP70 (A) and HSP28 (B) mRNA
after heat shock. HEAT—t: Cells were heated at 45° for 15 min, and incubated at 37° for the intervals
(2, 4, 6, 8, 10hr) indicated at the bottom of each lane. H-7 + HEAT—t: Cells were exposed to H-7
(60 ug/mL) for 1 hr before and during heat shock at 45° for 15 min. Immediately after heat shock, cells
were rinsed twice with HBSS and then incubated at 37° for the intervals (2, 4, 6, 8, 10 hr) indicated at
the bottom of each lane. C: Unheated control cells. GAPDH: Differences in RNA loading were
examined by rehybridizing the nitrocellulose membranes with the housekeeping gene, GAPDH probe.

Fig. 3. Effect of pretreatment with H-7 on levels of HSP70 after heat shock. HEAT—t: Cells were

heated at 45° for 15 min, and incubated at 37° for the intervals (2, 4, 6, 8, 10 hr) indicated at the bottom

of each lane. H-7 + HEAT—t: Cells were exposed to H-7 (60 ug/mL) for 1 hr before and during heat

shock at 45° for 15 min. Immediately after heat shock, cells were rinsed twice with HBSS and then

incubated at 37° for the intervals (2, 4, 6, 8, 10 hr) indicated at the bottom of each lane. C: Unheated

control cells. Constitutive HSP70 and inducible HSP70 are identified by arrow and arrowhead,
respectively.
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Fig. 4. Effect of treatment with H-7 on accumulation of inducible HSP70 (A) and HSP28 (B) mRNA
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after heat shock. Cells were heated at 45° for 15 min and incubated at 37° for the intervals (2, 6, 12 hr)

indicated at the bottom of each lane. During the incubation period, cells were treated without H-7

(NO DRUG) or with the drug (3, 10, 60 gg/mL). C: Unheated untreated control cells. GAPDH:

Differences in RNA loading were examined by rehybridizing the nitrocellulose membranes with the
housekeeping gene, GAPDH probe.

Pretreatment with the drug 1 hr before and during
heating did not alter the increase in HSP70 level
after heat shock (Fig. 3). Similar results were still
observed even if higher concentrations of the drug
(100-300 ug/mL) were administered (data not
shown).

Effect of treatment with H-7 on HSP70 and HSP28
gene expression after heat shock. Data presented in
Fig. 4 show the effect of various concentrations of
H-7 treatment on the accumulation of HSP70 and
HSP28 mRNA after heat shock. Suppression of the
HSP gene encoding mRNA was observed when cells
were treated with the drug after heat shock at 45°
for 15 min. The level of suppression was dependent
upon the drug concentrations. H-7 (60 ug/mL)
markedly suppressed the levels of both HSP gene
encoding mRNAs, whereas the drug did not affect
the GAPDH mRNA level. Data from western blot
analysis clearly demonstrated that treatment with
H-7 (60 ug/mL; 165 uM), as well as H-8 (60 ug/mL;
177 uM), after heat shock significantly suppressed
the level of HSP70 (Fig. 5). In contrast, HA1004

(60 ug/mL; 182 uM), an H-7 analogue that is a
potent inhibitor of cAMP and c¢cGMP-dependent
protein kinases and a weak inhibitor of PKC, did
not suppress an increase in the HSP70 level after
heat shock.

Effect of H-7 on thermotolerance development. To
examine the effect of H-7 on the development of
thermotolerance, HT-29 cells were heated for 15 min
at 45° and incubated at 37° for 6 hr with various
concentrations of the drug (3-60 ug/mL). After
incubation, cells were challenged at 45° for various
lengths of time (1-4 hr). Effects of the drug on the
development of thermotolerance were measured by
determining the survival level after the challenge
heat treatment (Fig. 6). The initial heat treatment
killed 10% of the cells (data not shown) and made
the surviving cells thermotolerant to a second heat
treatment. Thermotolerance reached its maximum
6 hr after the initial heat treatment, maintained that
level for 48 hr, and then gradually decayed (data not
shown). Treatment with the drug without initial heat
shock altered heat sensitivity very little (data not
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Fig. 5. Effect of treatment with H-7, H-8, or HA1004 on levels of HSP70 after heat shock. Cells were

heated at 45° for 15 min and incubated at 37° for 6 hr with various concentrations (a: no drug, b: 3, c:

10, d: 60 pug/mL) of H-7, H-8, or HA1004. C: Unheated untreated control cells. Constitutive HSP70
and inducible HSP70 are identified by arrow and arrowhead, respectively.
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Fig. 6. Effect of H-7 (3-60 ug/mL) on the development of
thermotolerance. Cells were first heated at 45° for 15 min,
incubated at 37° for 6 hr with the drug (O: 0, V: 3, 01: 10,
A: 60 ug/mL), and then challenged at 45°. @ = survival
curve of control cells heated at 45°. The data are a
compilation of two separate experiments.

shown). For example, pretreatment with 60 ug/mL
H-7 reduced survival from 3.5 x 1073 to § x 10~*
after 45min at 45°. The drug-induced heat
sensitization effect was normalized. H-7 (3-60
pg/mL) treatment alone caused minimum cyto-
toxicity. Plating efficiency was 71, 73, 67, or 62%
for 0, 3, 10, or 60 ug/mL H-7 treatment for 6 hr,
respectively. Survival was normalized for drug
cytotoxicity.

DISCUSSION

Several conclusions can be drawn upon con-

sideration of the data presented. Heat-induced
thermotolerance was suppressed effectively by
treatment with H-7 (60 ug/mL), a potent PKC
inhibitor, after initial heat shock in HT-29 cells (Fig.
6). The drug treatment also suppressed an increase
in HSP28 and HSP70 mRNA levels as well as their
protein levels after heat shock (Figs. 4 and 5).
Similar results were observed when H-8, another
strong PKC inhibitor, was added after initial heat
shock (Fig. 5). In contrast, HA1004, which is a
strong PKA inhibitor but a weak PKC inhibitor, did
not alter HSP28 and HSP70 gene expression (Fig.
5). These results imply that PKC and not PKA is
involved in HSP28 and HSP70 gene regulation. They
are also consistent with previous reports that
demonstrate inhibition of heat shock gene expression
and thermotolerance development by treatment with
staurosporine, another inhibitor of PKC [11].
Recent studies show that heat shock increases
cytosolic PKC activity [23]. Heat shock activates
phosphatidyl inositol-4,5-bisphosphate phospho-
diesterase which is involved in the production of IP;
andDAG [24]. Heat shock alsoincreases intracellular
free Ca®* [251. The increased DAG and free
intracellular Ca?* levels may be responsible for heat-
induced activation of PKC, particularly the calcium-
dependent PKC family (a, g1, BI1, and y) [23]. When
the intracellular concentration of free Ca2* rises,
PKC translocates to the plasma membrane where it
is activated in the presence of DAG [26-29]. The
maximum activation of PKC occurred within 3 hr
after heating at 45° for 15 min (unpublished data).
These observations may explain why pretreatment
with the drug 1hr before and during initial heat
shock did not alter HSP28 and HSP70 gene
expression (Figs. 2 and 3). These results implicate
PKC as a modulator of heat shock gene expression
following heat shock. Similar results have been
observed in X-ray irradiated human A549 lung
adenocarcinoma cells [30]. The maximum induction
of PKC ¢ by 150 ¢cGy of ionizing radiation requires
L hr post-incubation. However, Hallahan et al. [31]
reported that PKC-dependent genes respond rapidly
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within minutes following irradiation in human HL-
60 leukemic cells. It still remains to be determined
whether PKC is involved in the activation of the
HSP genes. The fact that the addition of H-7 before
and during heat shock had little effect on heat shock
gene expression argues that it may not.

Cell fractionation and immunocytochemical
studies have shown that PKC exists in the cytosol,
membranes, and associates with intermediate
filaments [32]. The distribution of PKC changes
with its activation. The heat-activated PKC may
redistribute into the nucleus. This topographical
rearrangement of PKC is observed when cells are
treated with stresses such as phorbol 12-myristate
13-acetate (PMA) [33]. Nuclear focalization of the
enzyme may play a role in gene expression [33].
PKC has also been shown to affect NF-xB
relocalization by dissociating the NF-xB-IxB
complex. The phosphorylation of IxB by PKC results
in the dissociation of the NF-kB-1xB complex [34].
Activated NF-xB is then able to enter the
nucleus and subsequently activate heat shock gene
transcription.

At the present time, only speculations can be
made concerning the mechanism of PKC involvement
in heat shock gene transcription. Heat-activated
PKC could be involved in the heat shock gene
transcription through posttranslational modification
of transcription factors such as heat shock tran-
scription factor. Heat shock gene promoters contain
various regulatory elements that serve as the binding
sites for inducible and basal transcription factors
[35-37]. These transcription factors interact with
each other to regulate transcription of heat shock
genes. The transcription factors can be activated or
inactivated through posttranslational modification of
proteins, such as phosphorylation, dephospho-
rylation, or glycosylation [38]. The modification of
proteins can effectively integrate information carried
by multiple signal transduction pathways in the
absence of new protein synthesis [39]. The signal
transduction pathways frequently employ kinases
and phosphatases to regulate transcription factor
activity [38]. However, most of these enzymes, that
are involved in the signal transduction pathways for
the regulation of heat shock gene transcription, have
not been identified. In this paper, we present the
possible involvement of PKC in heat shock gene
regulation as a framework for future experiments.
However, other possibilities, such as activation of
different kinases by heat shock, should be considered
[40, 41].
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